Abstract
Introduction
Methane is one of the important greenhouse gases, contributing about 22% to the greenhouse effect at present [Lelieveld et al., 1998 ]. Its atmospheric concentration has increased by a factor of 2.5 since the onset of industrialization and is now 1720 ppbv. Since methane has a large radiative effect -one unit mass of CH 4 has 21 times the radiative effect of one unit mass of CO 2 -changes in the atmospheric methane concentration affect the temperature on earth [IPCC, 1996] . Natural wetlands are the biggest methane source at present, contributing about 40% to the total methane emissions and form the major non-anthropogenic methane source [Hein et al., 1997] . Furthermore, unlike most other methane sources, methane emissions from natural wetlands depend highly on the climate being influenced by temperature as well as by wetness.
The emission of methane from natural wetlands is a result of biological and physical processes 1993; Bubier et al., 1995; Dise et al., 1993; Fowler et al., 1995; Funk et al., 1994; Moore and Roulet, 1993; Morrissey and Livingston, 1992; Sebacher et al., 1986] .
2. The soil temperature, since it influences the rates at which microbiological processes such as degradation of organic matter (i.e. the production of substrate for methanogenesis), methane production and methane oxidation occur [e.g. Baker-Blocker et al., 1977; Bartlett and Harriss, 1993; Bubier et al., 1995; Christensen et al., 1995; Crill et al., 1988; Dise et al., 1993; Fowler et al., 1995; Frolking and Crill, 1994; Kettunen and Kaitala, 1996; Morrissey and Livingston, 1992; Whalen and Reeburgh, 1992] . Richardson, 1992; Klinger et al., 1994; Morrissey and Livingston, 1992; Valentine et al., 1994; Whiting et al., 1991; Whiting and Chanton, 1992; Whiting and Chanton, 1993] .
4. The pathways by which methane is transported to the atmosphere can be crucial for determining the fraction of produced methane that is emitted into the atmosphere. Transport can proceed by molecular diffusion, ebullition and transport through the stems of vascular plants [Conrad, 1989] . Depending on the prevailing soil conditions the occurrence of one or more of those mechanisms can significantly alter the amount of emitted methane:
• Ebullition can bring methane much faster to the water table than diffusion and thus increase methane emission [Bartlett et al., 1990; Boon and Sorrell, 1995; Devol et al., 1990; Wassmann et al., 1992] .
• Plant-mediated transport can enhance methane emission through bypassing the often existing oxic top soil layer and thereby avoiding methane oxidation there [Bartlett et al., 1992; Boon and Sorrell, 1995; Bubier et al., 1995; Chanton et al., 1992a ; Chanton and Dacey, plants a small oxic zone establishes around the root tips leading to methane consumption there [Gerard and Chanton, 1993; Holzapfel-Pschorn et al., 1986; Schipper and Reddy, 1996; Schiitz et al., 1989] . obtained. Besides the model described and used here there are two models in the literature using a more process-based approach, one by Cao et al. [1996] and one by Potter [1997] . The model by Cao et al. [1996] simulates the carbon dynamics in the soil and derives the methane production rate as a function of the amount of decomposed organic carbon, the position of the water 
Model Description
Since the processes leading to methane emission from wetlands occur in the soil the following model structure is chosen ( Fig. 1) 
where CCH4(t, z) is the methane concentration at time t and depth z, Fdiff(t,z) the diffusive flux of methanethrough the soil, aebull (t,Z) and Oplant(t,z) represent sinks due to ebullition and plant-mediated transport, respectively.
Rprod(t,Z)
is the methane production rate, while Roxid(t,Z ) denotes the methane oxidation rate. In the following, each of the terms will be described in detail. 
Methane
where nroot denotes the rooting depth, ns the soil surface and nsoil the soil depth, i.e. the lower boundary of the active layer. In unvegetated soils the vertical distribution of substrateforg(Z) is assumed to decrease exponentially from the soil surface to the lowest soil layer:
The variationof the methaneproductionrate with temperature is formulatedin the following way. A Q10dependence is chosenusing a QI0 value of 6 lying within the rangeof observed Q10valuesrangingfrom 1.7to 16 [Dunfield et al., 1993; Valentine et al., 1994; Westermann, 1993] . It is assumed that this temperature function includes both, the temperature dependence of the production of substrate for methanogenesis and that of methane production. The temperature function describes the response to the seasonal variation of the soil temperature T(t,z) at time t and depth z relative to the annual mean soil temperature Tmean at the site.
Consequently, the methane production rate Rprod(t,Z) at time t and depth z is described as: et al., 1993; Knoblauch, 1994] . In the model, Q10 for oxidation has been chosen to be 2. Thus, Roxid(t,z) is calculated from:
Vma x • CCHa(t, Z) 10
where K m and Vma x are the Michaelis-Menten coefficients. et al., 1993; Knoblauch, 1994] , while Vma x has been found to cover the range of about 5 to 50 laM/h [Dunfield et al., 1993; Knoblauch, 1994; Krumholz et al., 1995; Moore and Dalva, 1997; Sundh et al., 1994; Watson et al., 1997] 
Diffusion Fdiff
The diffusive flux Fdif/t,z) is calculated using Fick's first law:
whereDCH4(Z) is the diffusion coefficient of methane at depth z and CCH4(t,z) the methane concentration at time t and depth z. Since in the soil diffusion occurs only through the soil pores, the diffusion coefficient is obtained from:
which is the so-called Penman relation [Hillel, 1982] 
at the lower boundary nsoil and
at the upper boundary u, which is either the water et al., 1975] 
where k e is a rate constant of the unit 1/h andflCcH 4) is a step function taking the value 1, if the methane concentration 
where nsoil is the lower boundary of the active layer and w(t) the water Chanton et al., 1992a; Schimel, 1995; Shannon et al., 1996] . Moreover, oxygen can be conducted down to the roots this way establishing a small aerobic region in the rhizosphere [Gerard and Chanton, 1993; Holzapfel-Pschorn et al., 1986; Schipper and Reddy, 1996; Schiitz et al., 1989] . The results from several studies of plantmediated transport suggest that the main emission pathway is by molecular diffusion or effusion through the plant stems [Chanton et al., 1992a; Chanton et al., 1992b; Happell et al., 1993; Nouchi and Mariko, 1993; Shannon et al., 1996] . Consequently, the flux 
where kp is a rate constant of the unit 0.01/h and Tveg a factor describing the ,quality' of plantmediated transport at a site, depending on the density of plant stands and the plant types and being in the range from 0 to 15. At sites where the predominant plant types and their capability of conducting gas are known, Tveg is derived from that knowledge. Otherwise, we consider
shrubs not contributing to plant-mediated transport and trees being poor, grasses and sedges being good gas transporters. The functionfroot(Z) represents the vertical distribution of roots in the soil. It is assumed to decrease with depth and for the sake of simplicity we choose a linear relationship between root biomass and soil depth: (16) where ns and nroot are the soil surface and the rooting depth, respectively.
Total methane emission Fto t
The and simulated methane emissions is shown. Here, the agreement seems to be less good than at site 1 which can be partly explained by the fact that at site 1 the model results are compared to an average of 3 measurements, which clearly differ from each other at some times (see + 1 standard deviation error bars in Fig. 2 (a) ), whereas at site 2 only 1 chamber was used. In addition to that, other factors affecting methane production and emission such as the chemical conditions in the soil, which are not considered in the model (see above), could be important at some times. Generally, simulated methane emissions respond in a similar way to changes in the soil temperature and the position of the water table as at site 1. In Fig. 5 (3)). In Fig. 10 but not the pattern ( Fig. 10 (a) ). The [ Figure 10 [ J choice of the parameter Vmax changes the model results only in situations when the water table is below the soil surface ( Fig. 10 (b) ). In this situation a lower Vma x leads to higher methane emissions, because of lower methane oxidation rates (see Eq. (6) Fig. 2 (b) ). Since a lower Tveg leads to higher diffusion rates, because less methane is removed from the soil in this case (see Fig.   11 ), a lower Tveg leads to higher methane emissions in the first month after the water table fell belowthe soil surface. In situationswherethe watertableis belowthe soil surfacefor a longer periodof time a higherTveg leads to higher methane emissions, because then a huge fraction of methane diffusing through the oxic soil layer is oxidized and methane transported through I Figure  11 ] plants bypasses this oxic layer [Walter, 1998 ]. In Fig. 11 
Results and Discussion

Sensitivity to changes in the input data (climate forcing)
The effect of changes in the soil temperature and water table on simulated methane emissions are shown in Fig. 12 . The effect of the water table being raised or lowered by 10cm (Fig. 12 (b)) on simulated methane emissions is plotted in Fig. 12 (a) . As long as the water leads to a regular shift in the amplitude of simulated methane emissions which does not depend on the position of the water table (Fig. 12 (c) ). An uniform increase in the soil temperature of I°C leads to an increase in simulated methane emissions of about 20.5% at that site in all three years (see Tab. 3), whereas an uniform decrease in the soil temperature of I°C reduces methane emissions by about 17%. These sensitivity studies demonstrate that possible climatic change in the future could considerably alter methane emissions from natural wetlands. i.e. where the growing season lasts for 3-9 months, the substrate availability increases again in autumn.
We define the duration of the growing season as the time span when the soil temperature at 50cm depth below ground is above 5°C.
In regions where the growing season is shorter than 3 months or longer than 9 months fNpp(t)
is:
whereas in regions with a growing season lasting 3 to 9 monthsfNpp(t) is obtained from: 
Here, tnongro w is the duration of the non-growing season in days, and NPPlast and NPPfirst denote the NPP(t) values of the last and first day of the growing season, respectively.
B: Calculation offgrow(t):
The function fgrow(t) describing the growing state of the plants is assumed to be a function of the LAI and is calculated according to Dickinson et al. [ 1993] . We define a mean LAI depending on the daily mean temperature at 50cm depth below ground Tso=T(t,z=12Ocm) and hence calculatefgrow(t) from:
where forcing: observed soil temperature at different soil depths (the same at both microsites).
(observa- Table   --water table: 78.2 gCH4*yr -l 70.4 gCH4*yr-1 65.5 gCH4*yr-1
